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ABSTRACT 

Optical properties of three types of Insulating films that 
show promise In potential applications In the III-V semi- 
conductor technology were evaluated, namely a-C:H, BN and 
caF 2 . The plasma deposited a-C:H shows an amorphous 
behavior with optical energy gaps of approximately 2 to 
2.4 eV. These a-C:H films have higher density and/or hard- 
ness, higher refractive Index and lower optical energy 

XJ? w l* h 2 ncr ®? s1n 9 energy of the particles In the plasma, 
while the density of states remains unchanged. These 
results are In agreement, and give a fine-tuned positive 
confirmation to an existing conjecture on the nature of 
a-C;H films (l). ion beam deposited BN films show amor- 
phous behavior with energy gap of 5 eV. These films are 

inH!!° 1 ^ h1 °1 1 ! tr1c J (B/N a PP rox1ma tely 2) and have refractive 
Index, density and/or hardness which are dependent on the 
deposition conditions. The epitaxially grown CaFo on 
GaAs films have optical parameters equal to bulk but we 
found evidence of damage In the GaAs at the Interface. 


INTRODUCTION 

ratinJ!! SU ]n t i r ,M 11mS °V fcn,1COnd u ct ors have a wide variety of appll- 

Sf^lllcon the !n! aS: h * 2"; ; nsulat1on * ca PP^ n 9 1 etc. In the case 
i 11co ’ the ^on based films S10 2 and S1 3 N 4 have been success- 

j 0r , a " the required applications. Holever, the need for 
high speed devices and Integrated circuits requires the use of III V 

?n^L° nd + UCt r deVlCe$ and s ^strates. S10 2 aSd S1 3 N 4 proved to Je 
Inadequate for some of these applications for III-V semiconductors 

aoollrlltinn 3 ^ 65 ° f 1 " s ‘^ lator nims for one or more of the required’ 
applications are needed H 

In this study we have chosen Insulator films belonging to three 

°f B I? ter l a1s: amor P hous hydrogenated carbon (a-C:H), boron 

nitride (BN) and a fluoride (CaF 2 ). All three groups are new In 

device ,C I h f0r gate d1e1e ctr1cs for III-V semiconductor 

fill Th thC m ° S ^ d1ff1cult and crucial application of an Insulator 

either u^,n a n U f? d c 3 VaMety 0f a PP"cat1ons, and they have 
rather useful properties. Some of these properties are: (a) a-C-H 


Easily prepared as a homogeneous film (2), very hard mechanically and 
chemically, high breakdown voltage (3) and resistivity, relatively 
low Interface density of states on SI (4) and InP (3), variable energy 
gap (1 and 5), can be used In metal-lnsulator-metal HIM structures 
(6). (b) Boron nitride, BN, has been suggested for use with III-V 

semiconductors (7). It Is a high temperature dielectric (8), sug- 
gested for passivation (9), protective coating (10) or x-ray litho- 
graphy masks (11). The films can be prepared by Ion beam (12 and 
13), low temperature CVO (14 and 15), plasma deposition (16 and 17), 

RF glow discharge (18), sputtering (19), borazlne pyrollsls (20) and 
others (7 and 21). The properties of the BN films, as In the a-C:H 
case, depend on the preparation conditions, (c) Fluorides, (CaFo 
in this report) are of Interest as epitaxial growth (nonlattice 
matched) has been reported on GaAs (22), InP (23) and SI (24). It 
has a high bandgap (12 eV), relatively high dc dielectric constant 

(25) , can be used In very fine line (approximately 3 nm) lithography 

(26) . Double heterostructures promising three dimensional Integrated 
circuits have been reported In GaAs (2), InP (28) and SI (29). Thus 
the possibility of growing SI, fluoride and III-V combinations for 
optical and microwave circuits Intermixing Is very real. Working FET 
devices were reported In SI (30 and 31). 

In this work, we report a study of a-C:H, BN and CaF 2 films 
using elllpsometry, UV-vIsIble absorption, IR reflection and trans- 
mission and Auger electron spectroscopy (AES). In the case of a-C:H 
we correlate our results with existing conjectures (1) regarding 
optical gap, hardness and graphite content. In the case of BN and 
CaF 2 we analyze our results to obtain the quality of the films and 
interfaces and the possible chemical Impurities In them. 


EXPERIMENTAL 

The sample preparation will be discussed only very briefly. 
a-C:H films were prepared by 30 KHz plasma deposition (1 and 32) using 
several power settings with a constant pressure, or several pressures 
with a constant power. In one Instance, a constant power and pressure 
were kept, while the temperature of the substrate was varied. Sub- 
, S ^ ra ! e : “ SCd 1n th1s stu(j y were Inp ( for elllpsometry), quartz (for 
«TDs 1Sl S le r abS0rptl0n) and S1 (for IR Multiple Internal Reflectlon- 
MIR). BN films were prepared by Spire Corporation using an Ion beam 
technique and borazlne (10 and 13). The Ion beam energy was kept 

(1 5° eV) t0 reduce the dama 9 e to the III-V semiconductor, 
while the other conditions were set for good quality material (10 and 

inn * e ‘ p^ empera ^ ure 200 and 350 °C, Ion beam current density of 
100 yA/cm and using a heated tungsten filament through the Ion 
beam for Ion beam neutralization. Four runs were done, using InP, 
GaAs, SI, quartz and Ge-MIR substrates. Only two runs gave homogen- 
eous samples, and will be reported here. The BN films did not adhere 
to the GaAs, InP and Ge-MIR substrates. Thus, only good quality 
films were obtained on SI and quartz substrates. The CaF 2 films on 
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line In amorphous semiconductors, according to Mott and Davis (38). 

The absorption coefficient a Is given by: 

2 

it q rcln ~ E o^ (1) 

a = nc &E E 


Here n Is the refractive constant, (o m1n /AE) Is a factor deter- 
mined by the density of states In the bottom of the conduction band 
and/or the top of the valence band, E Is the photon energy and Eq 
I s the optical energy gap (A = ad, where d Is the film thickness). 
Usually, the factor (4* * m1n )/(nc &E) Is abbreviated by a single 
parameter, B 2 . A value of E 0 = (2.35±0.08) eV Is obtained from 
Fig. 1. In addition, a rather significant "tall" Is observed at low 
energies and low absorption values, similar to that found In a-C:H 
produced by glow discharge (39 and 40). Using an estimate for the 
thickness d, we calculate a value of (aE) 1 / =100 (cm eV ) 

for the "knee, In good agreement with previous data (40). This low 
value of the "knee" Is one of the reasons why "tall" free results are 
prevalent In the literature (5, 41, and 42). We tried to enforce an 
exponential Urbach edge (38) on the "tall". We obtain a value of 
0 7 eV for the activation energy, which seems too high when compared 
with the results for a-S1 x C-,_ x (43). We must point out that the 
experimental errors are quite high In this experimental range. 


Elllpsometrlc measurements of a-C:H films on InP were done at 
six wavelengths for 6 values of the deposition power at a flow rate 
of 70 seem, corresponding to a of pressure of 315 mTorr. A three 
phase model was used successfully In analyzing all the a-C:H elllpso- 
metrlc data. Representative results of the refraction constant n 
and the extinction coefficient K (K = 4W\) as a function of depo- 
sition power P for several wavelengths are shown In Figs. 2 and o 
respectively. The results for K were analyzed In a Tauc plot, as 
shown In Fig. 4. The straight lines were drawn through the (aE.. 
points above the "knee" at (aE) 1/2 « 100. The slopes of these 
lines, l.e. the parameters B as defined previously using Eq. (1), 
have the same value for all powers used, denoting that the density of 
states Is not changing as a function of the deposition power In this 
case. The value of B Is 300 crr 1/2 eV" 1/2 , versus 750 cm 
ev-1/2 for a-S1 x C-|_ x (43) and In good agreement with results 
deduced from plasma deposited a-C : H results (39 to 41). The optical 
gap E 0 found from Fig. 4 Is depicted In Fig. 5, as function of 
the deposition power P. A decrease In E 0 Is clearly observed 
with Increasing power. We define the Ar etch rate ER as d/t e 
where t e Is the Ar etch time through the whole thickness of the 
film and d Is the elllpsometrlcally determined thickness. The 
experimental ER as a function of the deposition power Is shown In 
Fig. 6. A marked decrease In ER versus P Is apparent, denoting a 
hardening and/or denslfylng of the film with the deposition power. 


GaAs were prepared at Westlnghouse Research Center as described In 
Ref. 22, using an Ion bombardment cleaning method suitable for epit- 
axial growth (33). 

Elllpsometry was performed using a rotating analyzer elllpsometer 
with a laser or a Hg arc lamp as light sources. The multiple angles 
of Incidence and wavelengths method was used In the data analysis (34 
and 35). This method gives a unique determination of the refractive 
Index and the extinction coefficient at each wavelength without any 
assumptions on composition of the film and a prior knowledge of the 
optical constants of the constituents. In most cases, a three phase 
model was used. However, presence of an Interface or an Inhomogeneous 
film require a four phase model (35 and 36). At least five angles of 
Incidence were used at each wavelength. The refractive Indexes and 
extinction coefficients of the substrates used In the elllpsometrlc 
work, l.e. GaAs, InP and SI, were taken from Aspnes and Studna (37). 

Reflection and transmission at normal Incidence were measured 
continuously In the IR (2.5 to 50 pm range) using a computer control- 
led Perkin Elmer 1430 spectrometer. During the measurements, the 
sample cell was continuously purged with dry n1t r ogen. In some cases, 
MIR plates were used to enhance sensitivity In che IR. Absorption In 
the UV-vIsIble (190 nm to 3.2 ym wavelength range) was measured using 
a computer controlled Perkin Elmer Lambda 9 spectrometer. The data 
was taken discretely using a slit width of 2 nm. Up to 200 points 
were measured on each sample. The sample cell was continuously purged 
with dry nitrogen during the measurements. A blank quartz substrate 
was placed In the reference path, for background correction. However, 
no correction was made for the difference In the reflectivity of the 
quartz reference plate and the film. 

AES was used In conjunction with Ar Ion sputtering for depth 
profiling. Absolute etch rates were determined by comparison with 
the elllpsometrlcally determined film thickness. Absolute values of 
the atomic concentrations were obtained by correcting the peak to 

peak signal amplitude by the corresponding elemental sensitivity 
factor. 


RESULTS AND DISCUSSION 
a-C : H Films 

Absorption In the UV-vIsIble range was taken on a-C : H films made 
on quartz substrates from methane gas (CH 4 ), at a power of 150 W 
and a flow rate of 50 seem, corresponding to a pressure of 245 mtorr. 
The directly measured parameter Is the absorbance A. In Fig. 1 we 
show a Tauc plot, l.e. (AE) 1/2 versus E. This plot Is a straight 
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forwarded by S. Kaplan e^al^O)™ They^lalmSha^ f hC c J nJecture 
hydrogenation Is an exothermic- ,he y claim that since double bond 

ored over tetrahedfal bJSdlJa iS „T’ graph1t1c " behavior Is fav- 
They show evidence of this assumnf energy 9 r °wth environments, 
by five differed e«erliJnS ?" by J^rlng a-C:H films made 
are dependent quite ^ strS v 2 n a - C:H Pities 
different preparation conditions^?*™ Y va [l a b les encountered In 

assumption Is In order, in addition ^heiV^* ?+ bet 2 cr test of th1s 
striking feature- a C-H fiiJ! 2!h?E«\J he1r results ihow a rather 
1-e. larger bandgap and mil tetShSdfll^Hf ' dU ™ n6me ' behavior. 
1" their hardness as compared with the more VapM?u> ^ decrease 

hlghe^th^plasma'deposUlo^power^ 'th^more 11 ^ *2' H St ' The 

are made, giving a more "graphitic 1 film ?+h Sp2 1 ? ersus S P 3 bonds 
and higher hardness or densItMFIq f * 22*5 ^ lle [ bandgap (Mg. 5) 
using the correlation of the refract l\i’ inn furth ® r tested this model 
deposition power (Flq ?) 1 1nd ! x n 1n thP visible with 

like films, groin at higher d2oo5?fnn n f ° r the n “ re Vaphltlc"- 

psometrlcally measured ref ractl v2\2de P ? W8 [2' F1g ’ 7 shows the el H- 

the deposition temperature a 2 Increase^n^S V Slb1e 35 func t1on of 
behavior Is evldpnt pc *►,*. crease In n, l.e. more "graphitic" 

Similar behavlor^as fou2ri i2 n *h 9Y i?I° Wth env 1 ronm ent Is Increased, 
point In FI r C ,n , h .*n “r* 4 "™ (4 ° and ,4) - The last 

mion process is somewSat^h g d ab th4 V he dep °- 

could not deposit anv a-C-H ft 2! “ J „ ??? c - For example, we 
above 200 °C Changes in the a™ a L? 1 on IH-V-semlconductors 
reported elsewhe5e (H) In %U°l w 1°^°^ 2 °° Were als ° 
elllpsometrlcally measured refrartiu i 5° W 3 general decrease In 
sltlon pressure The hlaher the e ndex n w 1th Increasing depo- 
energy per particle 1 9 l pressure, the lower Is the average 

we shVin ??£ Va^uc^oYfT^ 17 f F1nal?y ' 

^4«i o • The power (150 W) and pressure f ?45 mt^Y* 09 n " but ane, 
that used for the film shown u ?? SU f 245 mtorr ) 3p e equal to 

gap Is now ( 3 . 05±0 . 20) eV versus 2 9 35 eV Yh ’ the 0pt1cal enp rgy 
mass (or the particles' mnmnn/vi 3 eV : The aver age energy per 

molecule as compared to methane™ Thus"^ Y heav1er butane 

In agreement with the model S obtained a higher bandgap 


BN Films 

temperature ?!e" \* ?° ’ C 

a B/N ratio of about two Ye samlY*] 1 1 nonstolchlometrlc with 
at 350 *c. Small oxygen ‘andYhnn *2° 1* S found 1n the Mlm made 
With excess cxygen at the' ?Jte!f«e anS a" 1 n4t1 °" S are als ° ev,l ' en t. 

i™s:ii.; t t ; , ,!:{ , r« th :„ t d t s: °p‘?Y^ ? ' rdfCd °- 

detected. X * 
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been shown to exhibit properties not much different than the stoichi- 
ometric composition (15). Thus, we believe that our results are at 
least qualitatively, representative of Ion-beam sputtered BN with 
almost stoichiometric composition. Additional experimental results 
on the sample analyzed In Fig. 10 will now be shown. In Fig. 11, we 
show IR reflection (R In arbitrary units) and transmission (T) spectra 
of BN on SI. The usual BN peaks (9, 18 to 21, and 45), shown to be 
present In the amorphous phase (18 and 21), at 1370 and 800 cm" 1 , 
are observed. The peak at 1370 Is wide and asymmetric, as previously 
reported (18 and 19), possibly duo to contribution from boron oxide. 
The transmission results show two additional "valleys," that are due 
to the SI substrate. N-H and the other bands could not be detected 
due to the low sensitivity. In Fig. 12 the absorption coefficient 
a. In the visible range. Is shown versus the photon energy E. The 
thickness was obtained from elllpsometry and the absorbance measured 
directly. Me observe a peak In a at 3.2 eV, a "shoulder" just below 

5 eV and a steep Increase below 5 eV. A Tauc plot sing the same 
results for a as shown In Fig. 12 Is shown In Fig. 13. We found an 
optical gap of (5.0±0.4)eV with a density of state parameter of 

8 = (850±50)cm - '2 Very similar results were found for the 

BN film deposited at 350 °C, with an optical gap of (5.1±0.4)eV, 

6 = (1000±80)cnrl/2 eV - ^/^ a a approximately 3.2 eV and a 

"shoulder." These results are In contrast with a direct optical gap 
observation (21), In agreement with the values of the optical gap of 
approximately 5 eV reported earlier (18 and 19) for amorphous BN, but 
a little higher than 4 eV reported much earlier (9). The result 
obtained In Fig. 13 points to the amorphous nature of this film. It 
Is believed tha c only 20 percent or less of the Ion beam deposited BN 
Is In the cubic phase, with the remainder being amorphous, but defi- 
nitely not hexagonal (10). The exact origins of the peak at 3.2 eV 
and the "shoulder" at 5 eV are not known. We tried to fit the "shoul- 
der" to an Urbach edge, but It does not shown exponential behavior. 

The refractive Index n versus wavelength as obtained by elllpsometry 
and using a three phase model. Is shown In Fig. 4 for two BN films. 

The extinction coefficient Is either zero at x > 546.1 nm, or very 
small. In agreement with the absorbance data. We see a small decrease 
In n with Increasing wavelength, typical of high band gap material. 
There Is a definite decrease of n with Increasing substrate temp- 
erature. The value of n reported here Is In agreement with some of 
the reported data, especially when higher temperature or higher energy 
deposition was Involved. The higher the energy or the substrate temp- 
erature, the lower Is the reported refractive Index (15, 18, 20, and 
45), again In good agreement with our data. We ntte that this trend 
Is opposite to that found In a-C:H. We will now s 'ggest an explana- 
tion of this trend In n versus deposition temper* ..ure, at least In 
this case. We calculated the absolute Ar etch note ER of BN, similar 
to the case of a-C:H (see Fig. 6). We obtained ER = 7.7 nm/mln and 
3.8 nm/mln for the 350 ar<j 200 °C substrate temperatures respectively. 
This shows that a harder and/or denser film was obtained at the lower 
substrate temperature, a fact that by Itself Is pointing to a higher 
refractive Index n. A similar dependence of n versus the hardness 
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was found In a-C:H, but It occurred when the a-C:H substrate tempera- 
ture was raised. We have also tried to fit the elllpsometrlc data to 
a four phase model. We found that there Is no Improvement In our fit 
while the fourth phase was an Interface layer. However, when the top 
100 A were assumed to be different from the rest of the sample (36), 
we obtained a decrease by a factor of 5 In the variance. Thus, the 
top layer was shown both by AES and by elllpsometry to be different 
from the rest of the film. Numerically, the top layer has a slightly 
lower refractive Index, while the absolute value of n for the bulk 
of the film was pushed up by roughly 5 percent versus the data shown 
In Fig. 14. 


CaF 2 Films 

The epitaxial CaFj films were grown on GaAs. Thus, only IR 
and elllpsometrlc optical characteristics could be performed. A 
reflection spectrum (R In arbitrary units) Is show;. In Fig. 15. The 
main feature observed Is the large peak at approximately 280 cm-" 1 , 
typical of bulk CaFj fluorite material (46). Elllpsometrlc data 
was obtained for two CaF 2 films. Detailed results for one sample 
(NCG-1) are shown In Table I. The parameter 4 Is the variance, 
defined by (36) 


4 = [(V - V') 2 + (A - A') 2 ]/(N - M) (2) 

U 

Here t and A are the experimental values, t 1 and A 1 are 

the calculated values, N Is the number of experimental ^ and A 
values (56 In this case) and H Is the number of free parameters. 

The summation Is on all angles of Incidence 1 and wavelengths j. 

The results shown In column A were obtained using a three phase model 
with n and K of GaAs from Ref. 37. The film has exactly the same 

refractive Index (within experimental error) of bulk CaF 2 (26). 

The result K = 0 was also positively checked. However, the value 
of 4 Is very high. In column B we used a three phase model, a fixed 
value of n for the CaF 2 film, (1.449 for all wavelengths shown) 
and varying n and K for the substrate. The result shown In column 
B, Table I for GaAs shows n and K values which are approximately 
5 percent different from those reported by Aspnes and Studna (37). 

This discrepancy Is higher than the experimental error, pointing to a 
change In the top layer of GaAs. Another approach, that seems more 
plausible, was to try a four phase model. We fixed the values of n 
and K of the GaAs and the CaF 2 according to literature (26 and 
47) and got the result shown In column C. The variance Is as low as 
In column B, and the result shows an Interface with n and K cor- 
responding to roughly 85 vol % GaAs and the rest voids. Analysis 
was done using the effective medium approximation, as shown elsewhere 
(36). We believe that the damage to the top GaAs layer, (which 
became later the Interface) was done during the cleaning step (33). 
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1n S ™wi IWa 5! r r M!ntS I* * 3 ? 8 A ,or two CaF 2 are compared 

In Table II. It happened that this wavelength was a very strona 

’ r f °" a " '"'ri 35 ' f °; the “ CG - 1 ‘ hus showln^veryhlgh 

values of «. These values are due to experimental error \n **t*\ n r. 

and measuring the absolute value of the angle of Incidence Tweets 

Table i ltS Th re S J 0Wn ’ W J 1C J are equ1valent to columns A and B In 

like bilk C^nd l^hlJh 0 fro ? h Table 11 1s tha t both films behave 
rA' Si, C F f d 1nboth CdSeS there Is a definite change In the 
GaAs values of n and K as compared to the results of Aspnes and 

wheJe 3 ;^ 11 S SOme ? r1C measurerT » en ts done on the same NCG-1 film else- 
r : e h } and anal yfed for the GaAs optical constants n and K 
show better agreement with Ref. 37 for values of n, but the same 
discrepancy In K. me 


CONCLUSION 

the en ® r 9V environment during deposition and the "graphitic" 

b ^ ested and confirmed this assumption with measure- 

ments of the optical energy gap, the sputtering etch rate and the 

me s with I : X h a W ° rk U T' 10 Pr °* ress t0 correlate these Jara- 

U \: h ! h y drogen content (47) as measured by IR and by nuclear 

deposited^ 1s S that th The ;°" clus1on yarding the Ion beam 
. j that the material Is amorphous and has an optical 

ba " dgap ° f l eV - Refractive Index and harness are dependent on the 
hlah h^H 0 te 'J ,perat * Jre - These films are not optimized yet, but the 
high bandgap Is promising for applications as a dielectric The work 
n a 2 shows a good quality film, with optical properties slmlla? 

5L5 5\H Th ? re 3re 1nd1cat1ons that the cleaning procedure has 
damaged the top layer of the substrate. The quality of the film 

.hows good promise for future applications In semiconductor devices 


ntMiUHLCUUdritN I 

unpublished elllpsometrlc results on one of the CaF 2 film?. 
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TABLE I. - ELLIPSOMETRIC RESULTS FOi! AN EPITAXIAL 
CaF 2 FILM ON GaAs 


[Three assumptions are used for analysis, as explained 
In the text, giving results A, B and C.) 



TABLE II. - COMPARISON OF ELLIPSONETRIC 
RESULTS OF 6328 A FOR TWO EPITAXIAL 
CaF? FILMS ON GaAs. 

[In both cases the extinction coefficient 


of 

CaF? was fixed at 0. ] 

Sample 

CaF ? 


GaAs 
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n 

d(A) 

n 

K 
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NCG- 1 

1.447 
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1 497.1 

3.914 

~0 

0.565 
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1 .432 

T 576 : - 

3.856* 

0.196* 

0.194 
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1 547. 
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0 117 
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Fig 1. - Tiuc plot or lAfl 1 ' 2 vs f fnr a-C M CH.plasma deposit 
li'm on nujrt; al 150 walls 245 mlorr lor 20 minutes 


A M2. 8 
4 540 ! 
• 435.8 
4 365.5 



150 
P IWI 



Fig. Z. - Retractive index n vs. deposition power P lor a-C:H CH 
plasma deposited film on InP at 315 mtorr tor several wave- 
lengths A. 
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Fig. 3. - tilinction coefficient K vs. deposition power lor a-C H 
CH 4 plasma deposited film on InP at 315 mtorr (or several 
wavelengths A. 
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I ig. 4. - tauc plot ol (c4 ^ vs t lor 
a-C M CH^ plasma deposited him on 
InP at 315 mtorr lor several deposi- 
tion powers P. 
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Fig. 5. - Optical energy gap Eo vs. deposition power P for Fig. 6. - Absolute argon etch rate ER vs. deposition power lor 

a-C:H CH 4 plasma deposited film on InPat 315mTorr. a-C:H CH 4 plasma deposited film on InPat 315mTorr. 
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Fig. 7. - Refractive index n vs. substrate temperature for 
a-C :H CH 4 plasma deposited film on Si at ICO watt, 

245 mTorr. 
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Fig. 8. - Refractive index n vs. pressure PR for a-C :H CH 4 
plasma deposited film on InP at 2 deposition powers P. 





Fig. 11. • Reflection R and transmission T vs. wavenumber u 
for ion deposited BN film on Si. Deposition temperature 
200 °C. ion beam energy 150 eV. 


Fig. 12. - Optical absorption o vs. photon energy E for ion de 
posited BN film on quartz. Deposition temperature 200 ’c 
beam energy 150 eV. 
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